Actin cables, bundles of actin filaments that align along the long axis of budding yeast, are crucial for establishment of cell polarity. We fused green fluorescent protein (GFP) to actin binding protein 140 (Abp140p) and visualized actin cable dynamics in living yeast. We detected two populations of actin cables: (i) bud-associated cables, which extend from the bud along the mother-bud axis, and (ii) randomly oriented cables, which are relatively short. Time-lapse imaging of Abp140p-GFP revealed an apparent increase in the length of bud-associated actin cables. Analysis of movement of Abp140p-GFP fiduciary marks on bud-associated cables and fluorescence loss in photobleaching experiments revealed that this apparent elongation occurs by assembly of new material at the end of the cable within the bud and movement of the opposite end of the cable toward the tip of the mother cell distal to the bud. The rate of extension of the tip of an elongating actin cable is 0.29 ؎ 0.08 m͞s. Latrunculin A (Lat-A) treatment completely blocked this process. We also observed movement of randomly oriented cables around the cortex of cells at a rate of 0.59 ؎ 0.14 m͞s. Mild treatment with Lat-A did not affect the velocity of movement of randomly oriented cables. However, Lat-A treatment did increase the number of randomly oriented, motile cables per cell. Our observations suggest that establishment of bud-associated actin cables during the cell cycle is accomplished not by realignment of existing cables but by assembly of new cables within the bud or bud neck, followed by elongation.
organization and stabilization of cables, and tropomyosins are important for stabilizing cables (15) .
Recently Asakura et al. (16) discovered that actin binding protein 140 (Abp140p) is an F-actin binding protein in budding yeast. Abp140p does not show homology to any known actin binding protein and is expressed in cells by fusion of two ORFs (YOR239W and YOR240W) by means of a ϩ1 translational frameshift. Abp140p crosslinks F-actin in vitro and colocalizes with actin patches and cables. Cells carrying a deletion in ABP140 showed no abnormal phenotype.
To understand the mechanism underlying assembly and rearrangement of cables, we visualized actin cables in living yeast by using Abp140p fused to GFP. Here, we show the utility of GFP-tagged Abp140p for probing actin cables and report several aspects of actin cable dynamics in budding yeast.
Materials and Methods

DNA Manipulations for Green Fluorescent Protein (GFP) Tagging of
Abp140p. The C terminus of Abp140p was tagged with GFP (S65T) by using PCR-based insertion into the chromosomal copy of ABP140 (19) . A PCR fragment containing regions homologous to the 3Ј end of ABP140, and coding regions for GFP and the kanamycin resistance marker (KanMX6), was amplified from plasmid pFA6a-GFP (S65T)-kanMX6 w ith forward primer, 5Ј-GTACCGCTGCTGGGTAC-AAGCTGTGTTTGACGTTCCTCAAGCTGCTGCTGCTG-CTCGGATCCCCGGGTTAATTAA-3Ј, and reverse primer, 5Ј-ATGATGAGAGAGGAGGTGGTACT TGTCTCAG-AACTTCCTAGAATTCGAGCTCGTTTAAAC-3Ј. HA10 -1b, ABY971, and ABY973 cells were transformed with the PCR product by using the lithium acetate method (18) , and transformants that had integrated the PCR product were selected by growth on yeast extract͞peptone͞dextrose containing 200 g͞ml geneticin. The GFP-tagged yeast strains were characterized for correct integration of the tagging cassette at the ABP140 locus by using PCR and Western blot analysis. Fluorescence imaging of Abp140p-GFP was carried out as described (19) .
Fluorescence Loss in Photobleaching (FLIP).
Samples were illuminated for image acquisition and photobleaching with a 25-mW argon laser on a Zeiss LSM510 laser scanning microscope. The laser was used at 0.1% and 6.2% of maximum power for image acquisition and photobleaching, respectively. The optical section thickness was 1 m. An area of 1 m 2 was photobleached at a rate of 8 iterations per s at 5-s intervals. Images were collected during the intervals between each round of photobleaching. The time for each image acquisition was 1 s.
Quantitation of FLIP was performed by using LSM510 software (Zeiss). The relative fluorescence intensity (RFI) of the region of interest (ROI) is (F t Ϫ F b )͞(F 0 Ϫ F b ) ϫ 100. F 0 and F t are the average fluorescence intensities of the ROI before photobleaching and at the various time points during the experiment. F b is the background fluorescence intensity in areas adjacent to the ROI at each time point of image acquisition. The time needed to reach 50% of RFI (t 1/2 ) was calculated by using a polynomial regression equation fitted to each data set. The average coefficient of determination in regression was 0.995.
Other. All other methods including yeast strains used for this study, cell fixation and staining, and Lat-A treatment are published as supporting information on the PNAS web site, www. pnas.org.
Results
Abp140p-GFP Labels Actin Cables in Living Yeast. We expressed Abp140p-GFP by tagging chromosomal ABP140 at its C terminus with GFP. Because ABP140-GFP was expressed in lieu of endogenous ABP140 and under control of the endogenous ABP140 promoter, it is likely that the tagged protein was expressed at wild-type levels. Expression of this Abp140p-GFP fusion protein had no obvious effect on cell size, shape, or growth rate (data not shown). Moreover, actin organization and structure were not affected in Abp140p-GFP-expressing cells (see below). Therefore, insertion of GFP into the C terminus of Abp140p does not appear to have a deleterious effect on cells.
To evaluate association of Abp140p-GFP with actin cytoskeletal structures in yeast, we compared fluorescence of Abp140p-GFP with F-actin stained by rhodamine phalloidin. Optical sections through the entire cell were acquired and each z-series was deconvolved, reconstructed, and projected onto a single image plane (Fig. 1A) . Rhodamine-phalloidin staining of F-actin in fixed yeast revealed brightly stained actin patches and weakly stained actin cables. Although Abp140p-GFP localized to the same structures, Abp140p-GFP is a better marker for actin cables than for actin patches. Fluorescence from Abp140p-GFP in actin patches was significantly lower than that in actin cables.
Further analysis of actin cables revealed two populations of fluorescent cables. Most cables were polarized in their orientation and associated with buds: they aligned along the mother-bud axis. In contrast to these bud-associated cables, cables without apparent polarity in their orientation were also detected. These randomly oriented cables were less abundant and shorter (Յ1.5 m in haploid yeast) than bud-associated cables and did not align along the mother-bud axis (arrowhead Fig. 1 A) .
Analysis of actin cables revealed that the intensity of fluorescence from rhodamine phalloidin was not uniform along the cables. Regions of strong and weak staining along actin cables were of variable length and periodicity and may reflect nonuniform amounts of F-actin along the cables, which was previously observed by Karpova et al. (20) . As shown in Fig. 1 A, Abp140p-GFP fluorescence variation along actin cables was very similar to that observed with rhodamine phalloidin. The position of bright spots of Abp140p-GFP on the cables always coincided with increased intensity of rhodamine phalloidin-stained F-actin. Quantitation showing parallel changes in f luorescence of Abp140p-GFP and rhodamine phalloidin along an actin cable (Fig. 1B) supports the notion that the amount of Abp140p-GFP is proportional to the amount of F-actin in cables.
Dependence of Abp140p-GFP Localization on Actin Cables. F-actin structures are sensitive to Lat-A, an agent that produces loss of actin cables and patches within 2 min of exposure (11) . We found that treatment of Abp140p-GFP-expressing cells with 200 M Lat-A resulted in complete loss of fluorescent cable and patch structures and dispersion of Abp140p-GFP throughout the cytoplasm ( Fig. 2A) . Thus, localization of Abp140p-GFP fluorescence in bud-associated and randomly oriented cables depends on F-actin. Moreover, titration studies indicate that the Lat-A sensitivity of actin cables is similar in cells expressing tagged and untagged Abp140p (data not shown). Therefore, Abp140p-GFP does not have any obvious effect on actin cable dynamics.
To confirm localization of Abp140p to actin cables, we also tested the effect of specific loss of actin cables on Abp140p-GFP distribution in yeast. To do so, we took advantage of previous studies on the two tropomyosin proteins (Tpm1p and Tpm2p) of yeast (7) . Those studies revealed that a cell carrying a mutation in the TPM1 gene and a deletion in the TPM2 gene (tpm1-2͞ tpm1-2 tpm2⌬͞tpm2⌬) undergoes rapid loss of actin cables after shift to from permissive to restrictive temperatures. We will refer to this strain as the actin cable mutant. Because deletion of TPM2 alone has no obvious effect on actin structure or function, the isogenic strain carrying the TPM2 deletion (TPM1͞TPM1 tpm2⌬͞tpm2⌬) was used as the control for these studies.
In contrast to the control strain, which retained most cables after the temperature shift, the actin cable mutant underwent rapid, nearly complete loss of cables after shift to the restrictive elevated temperature (Fig. 2) . Quantitation of the loss of Abp140p-GFP-labeled cables was performed after fixation of cells. At 25°C, 62.3% (n ϭ 130) and 93.2% (n ϭ 118) of cells showed GFP-labeled cables in actin cable mutant and control strains, respectively. When the cells were shifted to 34.5°C for 1 min, 100% of actin cable mutant cells (n ϭ 155) completely lost GFP cables whereas the cables were still visible in 72.6% of the control strain (n ϭ 105). The rapid disappearance of Abp140p-GFP cables in the actin cable mutant indicates that localization of Abp140p-GFP depends on structural integrity of actin cables. From these results, we concluded that Abp140p-GFP could be used as a probe for actin cables in living yeast.
Extension of Bud-Associated Actin Cables. We used time-lapse imaging of Abp140p-GFP to study the dynamics of budassociated actin cables in living yeast. Abp140p-GFP fluorescence was faint and photobleached easily. Therefore, it was difficult to acquire large numbers of images necessary for four-dimensional imaging (i.e., time-lapse imaging combined with three-dimensional reconstruction). Nonetheless, because actin cables are restricted to the cell cortex, it was possible to image entire actin cables within a single optical plane.
First, we observed an apparent increase in the length of bud-associated actin cables. The cable end nearer the bud neck did not appear to change position. However, we detected apparent extension of the other end of the actin cable toward the tip of the mother cell distal to the bud ( Fig. 3A ; Movie 1, which is published as supporting information on the PNAS web site). The rate of this extension was 0.29 Ϯ 0.08 m͞s (n ϭ 25).
Fluorescence speckle analysis has been used to study microtubule synthesis in vivo (21) . We observed differences in fluorescence intensity of Abp140p-GFP along the length of actin cables. The position of bright spots of Abp140p-GFP on the cables always coincided with increased intensity of staining with rhodamine phalloidin (Fig. 1 A and B) . Thus, although Abp140p-GFP is not the core subunit of the cable, it directly reflects increased actin density in the cable. Therefore, we used these bright spots of Abp140p-GFP as fiduciary marks to analyze longitudinal movement of cables.
Abp140p-GFP fiduciary marks always moved away from the bud, as the cable became longer (Fig. 3A) . The average velocity of movement of these marks (0.29 Ϯ 0.11 m͞s, n ϭ 55) was similar to that of extension of the tip of the elongating actin cable (see Fig. 6 ). Movement of two fiduciary marks on a cable at the same rate and in the same direction was also observed in some cells (Fig. 7 , which is published as supporting information on the PNAS web site).
These findings suggest that the extension of the actin cable occurs by assembly at the end of the cable within the bud, followed by displacement of the cable from its point of origin toward the distal tip of the mother cell.
To test whether the apparent extension of the bud-associated cables depends on F-actin polymerization, we treated cells with a low concentration of Lat-A that resulted in partial inhibition of actin polymerization and partial disruption of actin cables. We detected short actin cables that extend from the bud and align along the mother-bud axis. Among more than 100 cells tested, we observed some undulation of cables; however, we did not detect any extension of these short bud-associated cables. Under these conditions, we also did not detect any movement of Abp140p-GFP fiduciary marks along the long axis of short, bud-associated actin cables (Fig. 3B) . Thus, it appears that inhibition of actin polymerization blocks actin cable extension. This observation is consistent with the interpretation that this extension process is actin cable elongation.
The studies described above focus on the extension and movement of actin cables in the yeast mother cell during the S and G 2 phases of the cell division cycle. We also detected extension of bud-associated actin cables in other stages of the cell cycle where polarized cell surface growth occurs ( Fig. 8 B and D , which is published as supporting information on the PNAS web site). In unbudded cells that had completed bud site selection, Abp140p-GFP was concentrated at the ends of the actin cables closer to the incipient bud site, near the ring of actin patches. Actin cables were assembled within the incipient bud site and radiated toward the opposite end of the cell (Fig. 8B) . In large-budded cells, we detected elongation of bud-associated actin cables in both mother cell and bud (Fig. 8D) . At this stage, actin cables were assembled at the bud neck and radiated toward either the distal end of the mother cell or the bud tip. Schematic diagrams of these cable dynamics are shown in Fig. 8E .
FLIP of Abp140p-GFP.
The rapid rate of actin cable movement and slow rate of image capture on the imaging system used for photobleaching precluded analysis of the movement of photobleached zones on elongating actin cables. Instead, we used FLIP to study the dynamics of actin in Abp140p-GFP-labeled cells. We photobleached a 1-m 2 area in either the bud neck or tip of the mother cell distal to the bud site, and monitored loss of fluorescence in the middle third of mother cells (Fig. 4) . If actin cables assemble in the bud and elongate into the mother cell, then we should detect actin-dependent movement of photobleached Abp140p-GFP from the bud to the mother cell.
To monitor the rate of actin-independent movement of Abp140-GFP from the bud to the mother cell, we carried out FLIP experiments in Lat-A-treated yeast. Control studies revealed that our image acquisition conditions did not produce significant loss of signal from Abp140-GFP. In contrast, sustained photobleaching in the bud neck of Lat-A-treated cells resulted in a decrease in the RFI of the region of interest in the mother cell. The average t 1/2 of fluorescence loss with sustained photobleaching in the bud neck for 15 samples treated with Lat-A (400 M) for 5 min was 26.1 s with a SD of 6.6 s. In contrast, the t 1/2 of fluorescence loss with sustained photobleaching in the bud neck of control cells was 17.5 Ϯ 5.1 s. Statistical analysis indicates that the FLIP rates were significantly different from each other in Lat-A-treated and untreated cells (P Ͻ 0.01). Thus, we observe that loss of F-actin results in a decrease in the rate of movement of Abp140p-GFP from the bud into the mother cell. Finally, to determine whether the rapid movement of Abp140-GFP in untreated cells was region-specific, we evaluated loss of fluorescence in control cells with repeated photobleaching in the tip of the mother cell distal to the bud site. Interestingly, the observed FLIP half-time (24.8 Ϯ 5.5 s) was not significantly different from that observed upon photobleaching the bud neck in Lat-A-treated cells.
The rate of Abp140p-GFP movement from the bud to mother cell is significantly reduced upon destabilization of F-actin. This finding indicates that (i) movement of Abp140p-GFP from the bud neck to the mother cell is actin-dependent, not mediated simply by diffusion, and (ii) Abp140p-GFP does not rapidly equilibrate between actin cable-bound and unbound states. Both findings provide additional support for the notion that Abp140p-GFP fiduciary marks can be used to study actin cable dynamics. In addition, because the rate of FLIP upon photobleaching the distal tip of the mother cell was indistinguishable from that observed upon photobleaching the bud in Lat-A-treated cells, it is clear that the actin-dependent movement of Abp140p-GFP is predominantly unidirectional from the bud to the mother cell. Thus, our FLIP studies indicate that Abp140p-GFP (i) binds tightly to actin cables and (ii) shows actin-dependent movement from the bud to the mother cell and not from the mother toward the bud. These findings provide independent evidence that actin cables assemble in the bud and elongate from the bud into the mother cell.
Movement of Randomly Oriented Actin Cables. Time-lapse imaging of randomly oriented, short actin cables revealed dynamics distinct from those of bud-associated actin cables (Fig. 5A) . In contrast to bud-associated actin cables, which assemble at the assembly site and extend into the mother cell during elongation, randomly oriented actin cables move rapidly without any obvious change in cable length. This movement was unidirectional, parallel to the long axis of the motile cable and restricted to the cell cortex. Because these short cables do not align along the mother-bud axis, they moved in all directions throughout the cell cortex. The velocity of movement of the randomly oriented cables ranged from 0.27 to 0.83 m͞s with an average velocity of 0.59 Ϯ 0.14 m͞s (n ϭ 16) (Fig. 6 ). This velocity is significantly higher than the rate of extension of long actin cables from the bud site.
Extension of bud-associated actin cables was inhibited by mild treatment with Lat-A. Under the same conditions, we detected an increase in the number of motile and randomly oriented actin cables ( Fig. 5B ; Movie 2, which is published as supporting information on the PNAS web site). The randomly oriented cables detected in Lat-A-treated cells displayed movements similar to that of randomly oriented cables in untreated cells, that is, unidirectional, parallel to the long axis of the cable, and in all directions relative to the mother-bud axis. The velocity of this cable movement, 0.52 Ϯ 0.15 m͞s, was also similar to that of randomly oriented cable movement in untreated cells (Fig. 6) . Finally, randomly oriented actin cables are not abundant in untreated yeast, but increase in numbers under conditions that block actin cable elongation and dampen actin dynamics. Therefore, Lat-A treatment increases the pool of randomly oriented cables by destabilizing or perturbing bud-associated, elongating cables.
Discussion
In this study, actin cables were visualized in living yeast cells by using GFP fused to Abp140p. When expressed from the ABP140 chromosomal locus, Abp140p-GFP localizes to actin cables and has no obvious effect on cell growth or on organization, polarization, or dynamics of the actin cytoskeleton. We detected two populations of actin cables in budding yeast in live cells by using Abp140p-GFP and in fixed cells by using fluorochrome-coupled phalloidin. Bud-associated actin cables, which are more abundant, emerge from the bud and align along the mother-bud axis. Some actin cables are randomly distributed within the yeast cell cortex. Here, we describe the dynamics of bud-associated and randomly oriented actin cables in living yeast.
Elongation of Bud-Associated Actin Cables. We detected apparent elongation of bud-associated actin cables. During this process, the end of the cable within the bud did not appear to change position. Instead, we observed apparent extension of the other end of the cable away from the bud. Moreover, we found that fiduciary marks of Abp140p-GFP on actin cables moved at the same velocity and in the same direction as the tip of the elongating cable. The possibility of polarized transport of fiduciary marks along the cables seems unlikely, because this process is blocked by Lat-A, an agent that binds to actin monomers and inhibits actin polymerization. The simplest interpretation of these observations is that actin cable assembly occurs at specific points within the cell, which we will call the assembly site. Elongation of these bud-associated actin cables occurs by addition of new material to the end of the cable at the assembly site. As a result, actin cables grow from the assembly site toward the end of the mother cell distal to the bud. Time-lapse imaging of elongating cables in yeast at different stages in the cell division cycle revealed that actin cable assembly sites are located in (i) the presumptive bud site in unbudded cells, (ii) small-and mediumsized buds, and (iii) the bud neck in cells bearing large buds.
This interpretation is supported by FLIP experiments. Abp140p-GFP that was photobleached in the bud displayed actin-dependent movement into the mother cell. Interestingly, Abp140p-GFP that was photobleached in the tip of the mother cell distal to the bud did not display rapid, actin-dependent movement toward the bud.
Yet to be determined is the detailed mechanism underlying actin cable assembly. It is possible that assembly occurs by polymerization of F-actin on the end of the cable within the assembly site. Localized polymerization of F-actin occurs in a variety of cells, including at the leading edge of motile cells and filopodia of neurons (22, 23) . If actin cable elongation is driven by actin polymerization in yeast, then the fast-growing (barbed) end of actin filaments within cables is probably directed toward the bud. This interpretation is consistent with previous findings that myosin V proteins transport cargo specifically toward the bud by using actin cables as tracks (5, 7, 8) .
Alternatively, it is possible that actin cable assembly in yeast occurs by a mechanism similar to that of actin bundle assembly in the bristle and follicular nurse cell struts of Drosophila: incorporation of pre-existing F-actin onto one end of actin cables (1) . In this case, the location of barbed and pointed ends of actin filaments within actin cables could be determined by proteins that mediate F-actin bundling within the nascent cable (e.g., fimbrin and tropomyosin). In any case, because the majority of actin cable assembly occurs at assembly sites in the presumptive bud, the bud or the bud neck, there is a polarity of assembly, although not necessarily an intrinsic polarity, in cables.
Retrograde flow of newly assembled actin cables in filopodia is driven by myosin (24) (25) (26) . Therefore, while assembly contributes to movement of elongating actin cables from the bud to the mother cell in yeast, it is possible that other factors including motor molecules contribute to this motility event.
Finally, because actin cables are disrupted within seconds after treatment with Lat-A, an agent that binds to G-actin and prevents its polymerization, it is clear that actin cables are highly dynamic structures that undergo assembly and disassembly. Although the mechanism of actin cable disassembly is not well understood, our evidence indicates that disassembly of actin cables does not occur at the tips as they move toward the distal end of mother cells. First, we do not detect any apparent shrinkage of cables. Second, the tip of actin cables and fiduciary marks along the cables move toward the distal end of the mother cell at the same average velocities.
Movement of Randomly Oriented Actin Cables. We found that randomly oriented actin cables move around the cell cortex (Fig.  5 ). There are striking differences between this movement and that of bud-associated actin cables. First, the velocity of randomly oriented cable movement is significantly faster than that of extension of the end of an elongating, bud-associated actin cable. Second, in contrast to elongation of actin cables, which is blocked by Lat-A treatment, we find that randomly oriented actin cable movement is not significantly affected by treatment of yeast with Lat-A, until the point when the cables themselves disassemble.
These observations support the model that these randomly oriented cables are not undergoing detectable elongation. Moreover, because dampening actin dynamics with Lat-A has no effect on this type of actin cable movement, it is likely that this movement is accomplished by the migration of entire cables, not by actin treadmilling through continuous actin polymerization at one end and depolymerization at the other end. Although there is no direct evidence for a role of motor molecules in this process, movement of randomly oriented actin cables resembles sliding of F-actin on myosin molecules: it is unidirectional and parallel to the long axis of the cable (27) .
What is the relationship between these two populations of actin cables? Because Lat-A treatment blocks elongation of bud-associated actin cables, and produces an increase in the number of motile, randomly oriented actin cables, it is possible that randomly oriented cables are produced by destabilization or fragmentation of bud-associated cables. This interpretation is supported by the observation that actin cables fragment upon instantaneous dampening of actin dynamics (20) . Thus, it appears that some actin cables, even those that are produced by destabilization of bud-associated actin cables, can move, and that other cables, namely bud-associated actin cables, do not move.
